A parameterized dynamics analysis model of legged lander with adaptive landing gear was established. Based on the analysis model, the landing performances under various landing conditions were analyzed by the optimized Latin hypercube experimental design method. In order to improve the landing performances, a hierarchical optimization method was proposed considering the uncertainty of landing conditions. The optimization problem was divided into a higher level (hereafter the "leader") and several lower levels (hereafter the "follower"). The followers took conditioning factors as design variables to find out the worst landing conditions, while the leader took buffer parameters as design variables to better the landing performance under worst conditions. First of all, sensitivity analysis of landing conditioning factors was carried out according to the results of experimental design. After the sensitive factors were screened out, the response surface models were established to reflect the complicated relationships between sensitive conditioning factors, buffer parameters and landing performance indexes. Finally, the response surface model was used for hierarchical optimization iteration to improve the computational efficiency. After selecting the optimum buffer parameters from the solution set, the dynamic model with the optimum parameters was simulated again under the same landing conditions as the simulation before. After optimization, nozzle performance against damage is improved by 5.24%, the acceleration overload is reduced by 5.74%, and the primary strut improves its performance by 21.10%. 
Introduction
Legged lander has been used for deep space exploration because of its high landing stability and terrain adaptability [1] . In order to isolate vibration and reduce load during soft landing, the legged lander generally uses the plastic material such as honeycomb as the main absorber to design the landing gear. However, the performances of these landing gears are unable to be adjusted during soft landing. In order to cope with complex landing terrain, larger design margin should be reserved, resulting in the heavier soft landing system [2] . With the continuous progress of deep space exploration, the terrain environment of interesting regions will be more complex and harsh, and landing in multiple regions to accomplish different detection missions may be needed. So it is required that the lander has better terrain adaptability and its landing gears are reusable.
Considering those requirements, Adaptive landing gear was proposed as a possible solution. Refs. [3] [4] [5] introduced hydraulic system, intelligent materials and pyrotechnics devices into the design of landing gear to realize adaptive control. Among them, magnetorheological damper (MR damper) is widely studied because of its cheerful prospect. In Refs. [2, [6] [7] [8] [9] , the single MR damper was designed and analyzed in detail, and the equivalent mathematical model of its characteristics was obtained. Refs. [10] [11] [12] [13] , which proposed a variety of control strategies for the lander with adaptive landing gears, proved the effectiveness of adaptive gears in enhancing soft landing performances. Previous studies mostly discussed the implementation of adaptive lander, and few concerned the soft landing performance optimization for the adaptive lander. But performance optimization is of great importance for the weight reduction of lander and it benefits the improvement of terrain adaptability. Existing researches about landers optimization mostly focus on conventional passive control lander [14] [15] [16] . Furthermore, the worst condition uncertainty caused by the change of design variables was ignored in the existing researches. And the selection or optimization of the parameters was just based on the typical condition, which leads to the instability of soft landing safety.
Aiming at the uncertainty of the worst condition, a hierarchical optimization method was proposed to update the worst condition dynamically during the progress optimizing the adaptive buffer parameters. First, a dynamic analysis model of adaptive lander was established, and its soft landing performance was analyzed and evaluated. Then the response surface was adopted to participate the iterative computation of hierarchical optimization. The lander with the optimized adaptive buffer was simulated. The results show that the optimization effectively improves the soft landing performance, which verifies the feasibility of the hierarchical optimization method. Figure 1 shows the overall configuration of the lander studied in this paper, which consists of a main body and four symmetrically distributed landing gears ( Figure 2 ). The main body is a mounting platform for various detecting instruments and control subsystem. All of the landing gears, with the same configuration and size, are composed of one primary strut, two secondary struts and one footpad. The connection between struts is realized through a universal joint, so as between struts and main body, while the footpad is connected with the primary strut by the ball joint. The primary struts are adaptive buffers, and the secondary ones use aluminum honeycomb core as buffer component. The relationship of secondary strut between the cushioning force f a and the buffering stroke d a is shown in Figure 3 , while the characteristic of primary strut will be discussed later. Take Refs. [17, 18] as reference, the structure parameters of the lander at touchdown is selected ( Table 1) . The dynamic analysis model of soft landing was established by ADAMS, and gravity environment was set in the moon. The lander footpad numbering and the coordinates definition is shown in Figure 4 
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Adaptive Buffer and Its Control Strategy
Unlike the conventional landing gears, such as honeycomb core and air bag, buffer characteristics of adaptive buffer are able to be controlled by adopting some structures or intelligent material. So the adaptability of lander equipped with this kind of buffer can be improved. Even if the adaptive control system fails, the adaptive landing gear will degenerate to the conventional passive landing gear but not palsy, which ensures the safety and reliability of the landing system [11] .
Considering the maturity of techniques, MR damper was chosen as carrier for adaptive control strategy. The main components of adaptive buffer are spring and MR damper, in which the spring provides restoring force, and MR damper provides damping force. The structure of adaptive buffer is shown in Figure 5 . The magnetic field strength of the coil is changed by controlling the energizing voltage, so as to dynamically adjust the damping coefficient of MR damper.
According to the existing research results, the MR damper produces a large damping force at a relatively small velocity (about 0.1 m/s) [19, 20] . Considering that the touchdown velocity is above 3 m/s, the lander will slow down with a large acceleration overload, which will affect the stable operation of the instruments on board and is undesired. To preserve the transportability of the strategy, the conventional linear damping force model is adopted. The damping force of MR damper is controlled to keep a linear relation with the buffer velocity by adjusting the applied current. The equivalent force of adaptive buffer can be simplified as shown in Eq. (1) [21] [22] [23] :
where f is the equivalent force, c is the equivalent damping coefficient, k is the equivalent stiffness coefficient and s is the cushioning stroke of the buffer.
To ensure the controlling flexibility and promptness, a jump control strategy based on the minimum energy principle was adopted to realize the adaptive adjustment of the damping coefficient [13] . Considering the symmetry of the land model, the damping coefficient control function is shown as Eq. (2): where c i is the equivalent damping coefficient of damper i, and c min , c max are the lower and upper limit to be controlled.
In the whole simulation analysis of the soft landing, the angular velocity θ , ψ of the lander and the buffer speed of the main strut ṡ were monitored in real time through measurements. According to the Eq. (1), four cushioning forces are applied to primary struts, where the damping coefficient model is shown as Eq. (2). Finally, the independent feedback adjustment of the damping coefficients is realized.
In order to determine the initial buffer characteristic parameters of the buffer, the soft landing process is simplified as spring damping model. Under the ideal condition that four pads simultaneously touch the ground, it was required that there was no vibration during soft landing [24] . The damping ratio under above condition is chosen as 2.0 and the buffer is designed with a dynamic range ratio of 10 [25] . When the lander hits ground at the vertical speed of 3.5 m/s, the nominal buffer stroke is 0.075 m. Based on the above chosen parameters, the nominal stiffness coefficient and the maximum damping coefficient are determined according to the method described in Ref. [13] . The initial buffer characteristic parameters are listed in Table 2 .
Simulation and Analysis for Adaptive Lander
Indicators for Soft Landing
Considering the implementation requirements of landing exploration missions, the main concerns about soft landing performance are as follows.
(1) f = −cṡ + ks, (2) 1) Nozzle performance against damage. Landing on regions with rough terrain may damage the nozzle due to rugged landing surface, which affects the performance of the main engine. The minimum distance between the bottom of the nozzle and the landing surface is chosen as the evaluation index. The larger the index is, the better. 2) Acceleration overload. Considering the acceleration tolerance of astronauts and the instruments equipped on the lander, the overload during the soft landing should not exceed 15g to ensure the progress of the detection mission. The maximum acceleration during soft landing is selected as an index to access the overload characteristic. The smaller the value is, the better. 3) Buffer performance. Considering the uncertainty of the environment of the target landing regions, the buffer performance should meet the demand of the worst condition. The maximum buffer stroke during soft landing is selected as one of the indexes. And a smaller value means that the volume and weight of the landing gear can be reduced correspondingly, which is beneficial to soft landing. 4) Landing stability. A vertical plane passing through the center of two adjacent footpads, which is parallel to the gravity vector, is defined as an "stability wall" [26] . Since the lander has four legs, there are four such walls. If the centroid of the lander exceeded the enclosure formed by the four stability walls, the landing was considered to be unstable. Here stability distance T is introduced as a parameter measuring the minimum distance between the centroid of the lander and four stability walls during each soft landing. If T remained positive, the landing was declared to be stable.
However, stability is not the only requirement for a successful soft landing. Here, the other indexes except the landing stability were grouped as performance indexes to access the soft landing systematically. In summary, the four selected indicators are listed in Table 3 .
Analysis of Landing Performance
Based on theory of probability and statistics, experimental design is a scientific and reasonable arrangement of experiments. It extracts a number of sample points within the design interval to better reflect the characteristics of the whole space. To analyze the soft landing performance of adaptive lander under various conditions, optimal Latin hypercube method was adopted. As a result, 36 conditions were screened out as the inputs of experimental design. Taking returned terrain data and current hovering control ability as references, the selected soft landing conditioning factors and its ranges are listed in Table 4 [15] , where the horizontal velocity v z and the control errors of rolling angle ψ and pitching angle θ are ignored.
The dynamic simulations of the 36 soft landing conditions were carried out, and corresponding soft landing performance data were obtained, which will be mentioned later. In order to display the soft landing process more intuitively, typical 2-2 condition (Table 5 ) was selected to be analyzed in detail [27] . Based on the simulation results of 2-2 condition, the relationships between damping coefficient of primary buffer, landing stability index and three performance indexes against time increment are shown respectively in Figures 6, 7, 8, 9 and 10. According to the above figures, during the whole soft landing process, the damping coefficients of the four adaptive buffers are dynamically adjusted as the attitude of the lander changes, which leads to a stable soft landing. However, buffer parameters selected above based on only an ideal working condition where four legs hit the ground at the same time. While for deep space exploration mission, there is great uncertainty about the terrain and condition of interesting regions. So it is necessary to optimize the buffer parameters based on the uncertainty of landing conditions, so as to enhance the landing adaptability facing different complex conditions.
Hierarchical Optimization
In this section, hierarchical optimization was adopted to improve the soft landing performance of the lander. The optimization took buffer parameters k, c max and r as design variables, while the performance indexes U, L and S as three primary objectives. Since the change of the buffer parameters is followed with the change of the worst condition, the worst condition and corresponding performance indexes should be updated duly during the optimization process. Aiming at this complex optimization problem, a hierarchical optimization method was proposed decomposing the problem into a leader and several followers. After receiving the buffer parameters from the leader and modifying the model correspondingly, the followers took the conditioning factors as design variables to find the worst conditions respectively. Then the results of this "reverse optimizations" were delivered to the leader. The leader then optimized the buffer parameters trying to better the worst performance indexes. And the new buffer parameters determined by leader are transmitted to the followers to start the next iteration. The cycle continues until the terminating conditions are satisfied. Finally, the Pareto optimal set of the buffer parameters is obtained after hierarchical optimization.
But because this optimization method needs much more iterations, time cost will be much higher if the dynamic model is used to computed. Therefore, this paper uses the response surface model instead of time consuming dynamic analysis model to iterate, shortening the actual solution time and improve the optimization efficiency. In addition, the influence of the conditioning factors on the performance of soft landing is complex, so sensitivity analysis was carried out to determine the influence degree of each conditioning factor on the soft landing performance before establishing response surfaces. To sum up, the flowchart of hierarchical optimization is shown in Figure 11 .
Sensitivity Analysis of Conditioning Factors
The 36 results obtained from experimental design analyzing the landing performance in Section 3.2 is used as the sample points for sensitivity analysis. The Pareto diagram, which displays the sensitivity of 4 conditioning factors to landing indicators is shown in Figures 12, 13, 14 and 15 . Here, the solid bars indicate positive effects while hollow bars mean negative effects. As the figures show, there are both positive and negative effects to 4 landing indicators, which means that four indicators are conflict with each other and one performance improvement often leads to the other performances lowered. In addition, the sensitivity analysis shows that the initial vertical velocity has 
Response Surface Model
According to the results of sensitivity analysis, there was a complex coupling relation between the conditioning factors influencing the landing indicators. Thus, the incomplete three order polynomial function was selected to establish the response surface models, whose basic structure is shown as Eq. (3):
where x i means input variables, n is the number of input variables and β is polynomial coefficients. According to the process of the hierarchical optimization method, k, c max , r and v x , φ, μ, α e were chosen as input variables. 44 sample points were obtained by adopting the optimized Latin hypercube experimental design, which are listed as Table 11 in Appendix. The response surface model was established by least square fitting using the sample points, shown as Eqs. (7)- (10) where m is the number of sample points, y is the output value of sample point, ŷ is the corresponding output value evaluated by responsible surface model, ȳ is (3)
the mean of sample points. A little RMSE and a large R 2 mean a better model with high fitting precise. Figure 16 shows the fitting degree by setting the landing indicators obtained from sample points as X-axis and the corresponding ones from response surface model under the same inputs as Y-axis. The closer the scatter points are to the middle diagonal line, the higher the fitting accuracy is.
In the figure, subscript A indicates that the values of landing indicators were obtained by simulation and subscript P means that they were from response surface model.
It can be seen from Figure 16 that the R 2 of all indicators are higher than 0.97, and RMSE less than 0.05. The fitting accuracy is enough for the response surface models to replace the dynamic one to be computed.
Optimization in the Followers
After being determined by the leader and transmitted to the followers, the buffer parameters remained unchanged in a round of sub optimization until the next iteration receiving the new parameters from the leader. The followers took landing conditioning factors as design variables, and the four worst landing indicators as objectives. The key parameters of the optimization mathematical models are listed in Table 6 . Where q i represent the buffer parameters v x , φ, μ and α e , while q i L , q i U are the lower and upper limits of the corresponding parameters respectively. The evolution algorithm was adopted for the optimization calculation of the followers, and the algorithm parameters are listed in Table 7 . Figure 17 shows iterative processes of four follower optimizations under initial buffer parameters (Table 2) . Results show that optimization processes of four followers converged well, and the worst conditions could be found within the maximum iteration step. 
Optimization in the Leader
Considering the uncertainty of landing conditions, in the premise of ensuring the landing stability, the multi-objective optimization was carried out to minimize L max , minimize S max and maximize U min ; Taking k, c max and r as design variables. Therefore, the mathematical model of the leader optimization is shown as Eq. (6) . Where x i represent the buffer parameters c max , r and K, while x i L , x i U are the lower and upper limits of the corresponding parameters respectively. The second generation non inferiority sorting genetic algorithm (NSGA-II) is adopted for the leader optimization, and the parameters of algorithm are listed in Table 8 .
After the hierarchical optimization, the Pareto optimal set of the multi-objective optimization problem is obtained (Table 12 of Appendix). Figure 18 shows the Pareto front fitted by the three performance indexes L max , S max and U min . Considering the acceleration tolerance of precision equipment in the lander and human is sensitive to the change of acceleration, a small overload helps to improve the reliability of the lander. The optimum buffer parameters selected comprehensively from Pareto optimal set is shown in Table 9 .
According to the selected optimum buffer parameters (Table 9) , the dynamic analysis model was modified correspondingly. Then dynamic simulation was (6) 
carried out again while using the 36 landing conditions the same as the experimental design in Section 3.2. Table 10 compares the calculation results before and Table 6 Mathematical models of the follower optimizations Table 7 Configuration parameters of evolution algorithm after optimization. The comparative analysis shows that the three landing performances have been improved to a certain extent under the premise of ensuring the stability of the lander not reduced. Under the respective worst conditions, nozzle performance against damage is increased by 5.24%, the acceleration overload is decreased by 5.74%, and the buffer performance of the primary strut is increased by 21.10%. As for the average, nozzle performance against damage is increased by 3.57%, the acceleration overload is decreased by 2.95%, and the buffer performance of the primary strut is increased by 25.38%.
Conclusions
1) The dynamic analysis model of the lander which is equipped with adaptive buffer was established. And the semi-active control algorithm is applied to realize the adaptive feedback adjustment of the damping coefficient during soft landing. Based on the dynamic analysis model and experimental design method, the soft landing performances under multiple landing conditions were analyzed. 2) Focusing on the worst landing condition uncertainty caused by the changes of buffer parameters, a hierarchical optimization method was proposed. The method divides the optimization problem into two parts, namely, a multi-objective leader optimization and several follower optimizations. Through this method, the worst condition was updated duly during optimization process. Furthermore, in order to improve the computational efficiency, response surface models were established to replace the dynamic models for iterative calculation.
3) The soft landing performances before and after the optimization were compared. In the premise of ensuring the landing stability not decline, nozzle's performance against damage, the buffer performance of the primary strut and the acceleration overload performance are all improved after optimizing. And the comparison results indicate the effectiveness of the hierarchical optimization method. 4) Those studies provide guidance to the design of adaptive lander, including the scheme determination, performance analysis and optimal design. And the hierarchical optimization method, which was proposed to solve complex optimization problems, provides a feasible scheme for optimal design of the project with similar properties. 5) The feasibility of the lander with adaptive buffer is validated preliminarily. However, the performances of the buffer such as vibration and response speed may also influence the soft landing performances in some way, which is simplified in this paper. In future studies, we intend to research on those properties respectively, thus validating its practicability further. 
